Abstract-This paper presents an uplink radio resource allocation algorithm for multicarrier based cognitive radio systems. The algorithm allocates the subcarriers to the users in the first step. In the second step, the power is allocated to these subcarriers in order to maximize the total data rate of the system without causing excessive interference to the primary user. The performance of the proposed algorithm is investigated using computer simulations to prove that it achieves a very good performance in comparison with optimal and outperforms other existing algorithms. Moreover, the throughput of Orthogonal frequency division multiplexing (OFDM) and filter bank multicarrier system (FBMC) based cognitive radio systems are compared to show the efficiency of using FBMC in future cognitive radio systems.
I. INTRODUCTION
The cognitive radio (CR) technology aims to increase the spectrum utilization by allowing a group of unlicensed users [referred to as secondary users (SUs)] to use the licensed frequency channels (spectrum holes) without causing a harmful interference to the licensed users [referred to as primary users (PUs)] and thus implement efficient reuse of the licensed channels [1] .
Due to its flexibility in allocating different resources among different users as well as its ability to fill the spectrum holes left by the PU's, multicarrier communication (MC) systems have been considered as a promising candidate for CR systems [2] . In [3] , the mutual interference between PU and SU was studied. The mutual interference depends on the transmitted power as well as the spectral distance between PU and SU. Orthogonal frequency division multiplexing (OFDM) based CR system suffers from high interference to the PU's due to large sidelobes of its filter frequency response. Moreover, the insertion of the cyclic prefix (CP) in each OFDM symbol decreases the system capacity. Filter bank multicarrier system (FBMC) with the offset quadrature amplitude modulation (OQAM) can achieve smaller intersymbol interference (ISI) and intercarrier interference (ICI) without using the CP by utilizing well designed pulse shapes that satisfy the perfect reconstruction conditions. Moreover, the problem of the spectral leakage can be solved by minimizing the sidelobes of each subcarrier which leads to high efficiency (in terms of spectrum and interference) [4] , [5] .
The problem of uplink resource allocation has been already studied in classical (non-cognitive) MC systems [6] , [7] and references therein. In [6] , the authors proposed a greedy subcarrier allocation algorithm based on marginal rate function and iterative waterfilling power allocation algorithm. This algorithm is developed in [7] to consider the fairness among the different users. The algorithms used in classical MC systems may be not valid for CR context due to the existence of the mutual interference between the PUs and SUs.
Although the downlink MC based CR system has been addressed well recently (see, e.g. [8] - [11] ), there is a few existed research on the subcarrier and power allocation in uplink multicarrier based CR systems. In Our work in [10] - [11] , an algorithm for resource allocation in downlink MC based CR systems was presented whereby the subcarrier is allocated to the user with the maximum signal to noise (SNR) ratio (optimal in downlink) and then Lagrangian method is used to find the power allocation. The allocation of the subcarriers to the user with maximum SNR is not efficient in uplink due to the per user power constraints in addition to the different interference gains between the different SUs and the primary system which motivates proposing an efficient subcarrier allocation algorithm in uplink MC based CR systems. Wang et al. proposed in [12] an algorithm to allocate resources in the uplink OFDMA based CR systems under the per-subcarrier power constraints. The subcarriers are allocated initially to the users with the best channel quality and then adjusted according to the different user's waterfilling levels. The algorithm has limited performance comparing with the optimal solution.
In this paper, we propose an efficient resource allocation algorithm in multicarrier based CR systems. The objective is to maximize the total SUs data rate while limiting the interference introduced to the primary system. The proposed resource allocation is divided into two steps. The subcarrier to user assignment is first performed based on the channel quality, amount of interference imposed to the primary system and the increment in the total data rate. In the second step, the power is allocated to the different users under the per-user total power and interference constraints. The efficiency of the proposed algorithm will be investigated in OFDM and FBMC based CR systems. Simulation results demonstrate that the proposed algorithm achieves a good performance and outperforms the algorithm presented by Wang et. al in [12] .
II. SYSTEM MODEL AND PROBLEM FORMULATION
In this paper, the uplink scenario will be considered. As shown in Fig. 1 , the CR system coexists with the primary system in the same geographical location. The SUs transmit to their cognitive base station (CBS) and cause interference to the primary system. Moreover, the primary system base station interferes with the SUs. The CR system's frequency spectrum is divided into N subcarriers each having a Δf bandwidth. The side by side frequency distribution of the primary system band and the CR bands will be assumed (see Fig. 2 ). The frequency band B has been occupied by the primary system (PU band) while the other bands represent the inactive primary system bands (CR bands). It is assumed that the CR system can use the inactive primary bands provided that the total interference introduced to the primary system does not exceed I th where I th = T th B denotes the maximum interference power that can be tolerated by the primary system and T th is the interference temperature limit for the primary system. OFDM and FBMC based CR systems will be assumed. The OFDM symbol is formed by taking the inverse discrete Fourier transform (IDFT) to a set of complex input symbols and then adding the CP while the OQAM/FBMC symbols can be formed by modulating each subcarrier with a staggered QAM. The basic idea is to transmit real-valued symbols instead of transmitting complex valued ones. Due to this time staggering of the in-phase and quadrature components of the symbols, orthogonality is achieved between adjacent subcarriers. The modulator and the demodulator are implemented using the synthesis and analysis filter banks. The filters in the synthesis and analysis filter bank are obtained by frequency shifts of a single prototype filter. When considering block diagrams, the polyphase network (PPN) block replaces the device for CP insertion/removing used in OFDM terminals as shown in Fig.  3 . The FFT is common to both OFDM and FBMC, which is an important aspect for the compatibility issues.
Assume that Φ i is the power spectrum density (PSD) of the i th subcarrier. The expression of the PSD depends on the used multicarrier technique. If an OFDM based CR is assumed, the PSD of the i th subcarrier can be written as
where P i is the total transmit power emitted by the i th subcarrier and G i (f ) is the Fourier transform of the used pulse shape g T . Assuming a rectangular pulse with length T s = N + C where N is the number of subcarriers (IDFT size) and C is the length of the CP, G i (f ) can be expressed as follows
If FBMC based CR system is assumed, the PSD of the i th subcarrier can be written as
where |H i (f )| is the frequency response of the prototype filter with coefficients h [n] with n = 0, · · · , W − 1 , where W = KN and K is the length of each polyphase components (overlapping factor). Assuming that the prototype coefficients have even symmetry around the KN 2 th coefficient, and the first coefficient is zero [4] , we get
The mutual interference introduced by the i th subcarrier to the PU band, I i (d i , P i ), is the integration of the PSD of the i th subcarrier across the PU band, B, and can be expressed as [3] 
where d i is the spectral distance between the i th subcarrier and the PU band and g i is the i th subcarrier fading gain from the SU to the primary system. Ω i denotes the interference factor of the i th subcarrier. The interference power introduced by the primary system's signal into the band of the i th subcarrier is [3] 
where ψ e jω is the power spectrum density of the primary system's signal and y i is the channel gain between the i th subcarrier and the primary system signal. It will be assumed that all the instantaneous fading gains are perfectly known at the CBS. The channel gains between the SUs and the CBS can be obtained practically by the classical channel estimation techniques while the channel gains between the CBS/SUs and the PUs can be obtained by the CBS/SUs via, e.g., estimating the received signal power from each primary terminal when it transmits, under the assumptions of pre-knowledge on the primary transmit power levels and the channel reciprocity [13] . The SUs will assumed to be perfectly synchronized and no frequency synchronization is considered between the PUs and SUs. Based on this information, the CBS assigns the subcarrier and power to each SU through a reliable low-rate signaling channel. Let ω i,m to be the subcarrier allocation indicator, i.e. ω i,m = 1 if and only if the i th subcarrier is allocated to m th user. It is assumed that each subcarrier can be used for transmission to at most one user at any given time. The transmission rate of the i th subcarrier, R i , with the transmit power P i,m can be evaluated using the Shannon capacity formula and is given by
where h i,m is the i th subcarrier fading gain from the CBS to the m th SU. σ
AW GN is the variance of the additive white Gaussian noise (AWGN) and J i is the interference introduced by the primary system's signal into the i th subcarrier and can be evaluated using (6) . The noise variance is assumed to be constant for all the users and subcarriers.
Our objective is to maximize the total capacity of the CR system subject to the instantaneous interference introduced to the primary system and the per-user transmit power constraints. Therefore, the optimization problem can be formulated as follows
where N denotes the total number of subcarriers while M denotes the number of SUs. I th is the interference threshold prescribed by the primary system, Ω i,m is the interference factor given by (5) and P m is the m th user total power budget. The last constraint ensures that any given subcarrier can be allocated to at most one user at any given time.
The optimization problem P 1 is a NP-hard optimization problem in which achieving the optimal solution needs unacceptable computational complexity. In order to reduce the computational complexity, the resource allocation problem can be solved in two steps. In the first step, the subcarriers are assigned to the users and then, the power is allocated for these subcarriers in the second step. In the sequel, the proposed subcarrier to user assignment scheme is introduced and then the power allocation is discussed.
III. PROPOSED SUBCARRIER AND POWER ALLOCATION ALGORITHM
The optimal downlink subcarriers to users allocation scheme in MC systems is achieved by allocating each subcarrier to the user with the maximum signal to noise ratio (SNR). This scheme of subcarrier allocation is not efficient in uplink case due to the per-user power constraints. Moreover, the interference introduced to the primary system by each SU should be considered in CR context which makes the schemes used in classical multicarrier systems not valid. For this reason, a heuristic subcarrier allocation algorithm is presented. The proposed algorithm tries to assign the subcarriers to the different SUs considering not only their channel quality and per-user power constraints but also the interference that will be induced to the primary system. It is well known that the subcarriers that are located close to the PU band are introducing more interference to the primary system than the far subcarriers and hence, as the subcarrier becomes more close to the PU band, the interference to the primary system will approximately guide the subcarrier allocation process while the channel quality has more effect on the allocation of the distant subcarriers.
The scheme initially assumes that the interference introduced to the primary system is uniform among the different subcarriers which means that every subcarrier is allowed to introduce the same amount of interference to the primary system, i.e. I U nif orm = Ith N . By using (5), the maximum power that can be allocated to the i th subcarrier when it is allocated to the m th SU is
Let U to be the set of unassigned subcarriers. We define the sets A m and B m to include all the subcarriers already allocated to the m th SU according to maximum power, i.e P * form the set U and repeat the above procedures until the set U is empty. The importance of the first step in the proposed algorithm is in the consideration of the limitation that will be introduced to any subcarrier assignment due the interference constraint. Generally speaking, the subcarriers that will introduce high interference to the primary system will have a low transmitting power which will reduce the total data rate even that they have a good channel quality. Hence, the first step helps in classifying the subcarriers according to their interference to the primary system. Afterwards, the increment of the data rate due to allocation of a particular subcarrier to different SUs is evaluated and the subcarrier is allocated to the SU with maximum data rate increment. The scheme is repeated until the allocation of all subcarriers. Note that the final set of allocated subcarriers to m th SU is N m = A m ∪ B m . Once the subcarriers are allocated to the users, the multiuser system can be viewed virtually as a single user multicarrier system. The values of the subcarrier indicators, i.e. ω i,m , are already known from the subcarriers to users assignment step. For simplicity of notation, the problem P 1 is reformulated as follows P 2 : max
where m in P i,m , h i,m and Ω i,m refers to the user who's already got the subcarrier i, i.e. ω i,m = 1. N m denotes the set of subcarriers allocated to the m th SU. Remark that having too much power comparing to the interference constraint will lead to an interference-only optimization problem while having high interference constraint in relative with the total power will lead to a non-cognitive, i.e. classical, resource allocation problem. The problem P 2 is a convex optimization problem. The Lagrangian can be written as
where α, μ i , and β m are the non-negative Lagrange multipliers. The Karush-Kuhn-Tucker (KKT) conditions can be written as follows
and also the solution should satisfy the per-user power and total interference constraints. Rearranging the last condition in (12) we get
From (12) and (13), the optimal solution can be written as follows
where [x] + = max (0, x). These multipliers can be found numerically using ellipsoid or interior point method with a polynomial time complexity [14] . 
IV. COMPLEXITY ANALYSIS AND SIMULATIONS RESULTS
The simulations are performed under the scenario given in Fig.1 . The values of Δf , and σ 2 i are assumed to be 0.3125 MHz and 10 −6 respectively. The channel gains h and g are outcomes of independent Rayleigh distributed random variables with mean equal to 1. All the results have been averaged over 1000 iterations. OFDM and FBMC based cognitive radio systems are evaluated. The OFDM system is assumed to have a 6.67% of its symbol time as CP. For FBMC system, the prototype coefficients are assumed to be equal to PHYDYAS coefficients with overlapping factor K = 4 [15] . For the purpose of performance comparison, the following algorithms are considered: 1) Optimal: the subcarriers are allocated by exhaustive enumeration while the power is allocated using (14) . 2) Wang: the method proposed in [12] is used. The interference constraint is converted into per-subcarrier power constraints using (9). 3) Classical: the subcarriers are allocated according to the scheme used in non-cognitive MC systems [7] , while the power is allocated using (14) . The exhaustive enumeration scheme needs to iterate M N times to exhaust all the cases, and its complexity of O N 3 M N is very hard to afford. Moreover, the Wang's algorithm in [12] has a complexity larger than O N 2 M and lower than O N 3 M . Both the Classical and the Proposed algorithms need to perform M function evaluations to assign one subcarrier to one user. Hence, the computational complexity of the subcarrier to user allocation algorithm in the proposed and classical algorithms is O (NM). Additionally, both the classical and proposed algorithms need to solve (14) to find the optimal power allocation with a complexity O N 3 . Therefore, the computational complexity of the classical and the proposed algorithm is O (NM)+O N 3 . Table. I summarizes the computational complexity of the different algorithms. Fig. 4 plots the average capacity of a CR system with M = 2 SUs versus the interference threshold when the number of subcarriers is N = 8, the per-user power budget P m = 1mWatt and B = 2.5 MHz. The proposed algorithm achieves a good performance in comparison with optimal and outperforms the other algorithms. Moreover,the capacity of FBMC based CR system is higher than that of OFDM based one because the sidelobes in FBMC's PSD are smaller than that in OFDM which introduces less interference to the PU's. Moreover, the inserted CP in OFDM based CR systems reduces the total capacity of the system. For the rest of the results, the optimal solution will not be simulated due to its high computational complexity when the numbers of subcarriers and users are increased. Fig. 5 plots the average capacity versus the interference threshold when the number of subcarriers is N = 64, the number of SUs is M = 10, the per-user power budget is P m = 1mWatt and B = 10 MHz. It can be observed that as the interference threshold increases, the capacity increases since each SU is allowed to have more flexibility in allocating more power on its subcarriers. The performance of the proposed algorithm outperforms other algorithms. Moreover, the gap between the different algorithms decreases with the interference threshold as the CR system becomes more closer to the classical (non-cognitive) system. The capacity of FBMC based CR system is higher than that of OFDM.
In the case of OFDM system, the interference has a high effect on the system performance where the efficiency of the proposed algorithm appears. Moreover, the inefficiency of the Classical algorithm is shown when the interference constraint affects the optimization problem. In FBMC systems, the difference between the Classical and the proposed is very small. The reason behind that is in the low interference induced by the FBMC system to the primary system which makes the CR system very close to the non-conative one. In FBMC CR system with an extremely small interference threshold (or with high power budget), the proposed algorithm will be useful and achieves more capacity than the classical one as in the region below −70dBm in Fig.5 for example. Since the Classical and the proposed algorithm apply the same power allocation algorithm, its clear that the capacity increase of the proposed algorithm over the Classical one results from the subcarrier allocation step. In addition to the subcarrier allocation, the conversion of the total interference constraint into several per-subcarrier maximum power constraints, choosing the minimum waterfilling level, and the assumptions made to decrease the computational complexity affect the performance of Wang's algorithm. Fig. 6 shows the average capacity versus the number of SUs when the number of subcarriers is N = 64, the interference thresholds is −25 dBm, the per-user power is P m = 1mWatt and B = 10 MHz. The capacity increases with the number of users due to the multiuser diversity. In OFDM based CR system, the lower the number of SUs, the smaller the difference between the proposed and Classical algorithm. This is because the number of subcarriers that will be allocated to each user will increase which reduces the amount of power that will be allocated to each subcarrier and consequently the amount of interference imposed to the primary system which makes the CR system acts relatively as a non-cognitive system. FBMC based CR system has more capacity than the OFDM based one and the different algorithms have approximately the same capacity because the interference introduced to the primary system by the FBMC based CR system is less than the prescribed threshold and hence, works virtually like the non-cognitive schemes.
From the presented results, one can notes that when the interference constraint affects the optimization the problem (like the OFDM case), the proposed algorithm enhances the total data rate and outperforms the other algorithms. Additionally, due to its small interference to the PU, the throughput of FBMC systems is more than the OFDM ones and the classical ways of subcarrier allocation can be used (depending on the values of power and interference constraints) which recommends the FBMC as a candidate for the CR applications V. CONCLUSION In this paper, we proposed an efficient resource allocation algorithm for uplink in MC based CR networks. The allocation process is separated into two steps. In the first step, the subcarriers are allocated to the users according to their channel quality as well as the interference that they may introduce to the primary system. In the second step, the per-user power budget is distributed among the subcarriers so that the total system capacity is maximized without causing excessive interference to the primary system. It is shown that the proposed algorithm outperforms Wang's algorithm and achieves a very good performance. Moreover, simulation results prove that the FBMC based CR systems have more capacity than OFDM based ones. The obtained results contribute in recommending the use of FBMC physical layer in the future cognitive radio systems.
